This study aimed to explore the disinfection of drinking water in trunk water mains, based on published conditions denoted within the Irish Republic. The variables within the study were consumer draw-off rates, trunk main length, pipe diameter, and water temperature. All these factors are known to impact the free chlorine residual in operational supply networks. Based on published conditions obtained within the literature review, 60 hypothetical trunk mains were generated for this study. Of primary concern were the variables that affect the chlorine decay rate; total amount of chlorine decay; available amount of chlorine in the periphery of the trunk main; and the costs associated with effective chlorine disinfection of trunk mains. Based on the analysis performed, the following were the salient observations: 1) Low consumer draw-off rates and increased trunk main length and diameter increased the risk of the free chlorine residual in the periphery of the trunk mains not complying with the Environmental Protection Agency's (EPA) minimum recommended residual value of 0.1 mg/l (EPA Drinking Water Audit Report, 2014). 2) Increasing the diameter of the trunk main from 125 mm to 180 mm had a negligible effect on the chlorine decay rate. However, increasing the trunk main diameter from 125 mm to 180 mm was shown to have a major impact on the total amount of chlorine decay and free chlorine residual available in the periphery of the main. The key parameters that affected disinfection costs associated with trunk mains include length, diameter and the need for chlorine boosting.
Introduction
In Ireland, potable water is generally treated using the conventional treatment
Literature Review
Chlorine has been the disinfectant of choice for over 100 years (Hass & Kara, 1984) [8] . It is still the most widely used form of disinfection of drinking water in Europe (Eureau, 2014) [9] and the United States of America (USA) (Silva et al. 2010 ) [10] . The disinfectant is typically applied at the final stage of the water treatment process (Kohpaei & Sathasivan, 2011) [11] . Chlorine-based products are the only disinfectants that can produce a lasting and effective residual in the distribution network. The residual protects the treated water from recontamination in the distribution network -from the WTP to the consumers tap (Spellman, 2004) [12] . To ensure the safe distribution of drinking water, water companies set a minimum residual level for the entire network as part of their safe management plan. The EPA (2011) [13] currently specifies a free chlorine residual of 0.1 mg/l to be present in the periphery of the distribution network.
A maximum health-based free or combined chlorine residual guideline value of 5 mg/l has been set by the World Health Organisation (WHO) for drinking water (WHO, 1996) [14] . However, the residual levels in the UK are well below this guideline with most water companies aiming to keep the level below 1 mg/l (DWI, 2010) [15] . Accordingly, consumers located closer to the WTP/reservoir will normally obtain tap water with higher chlorine levels compared to consumers several miles away, as suggested by Chick's Law of Disinfection [5] . Consequently, water companies must have a residual disinfectant management policy in place to guarantee the inhibition of bacterial regrowth in the periphery of the distribution network whilst ensuring the maximum level is acceptable to consumers (DWI, 2010) [15] . In large distribution networks, chlorine concentrations may drop below the minimum desired level at the periphery of the network as denoted by observed chlorine decay rates. Where the chlorine residual decays to an unacceptable level, current practice is to install a chlorine booster to ensure the free chlorine residual remains above the minimum residual or threshold level (Lu et al., 1999) [16] .
Chlorine decay in the distribution network is due to either bulk decay (reaction with microbes or organics) and/or pipe wall decay (reaction with biofilm, corrosion and sediments) (Speight, 2008) [17] . The decay of a chlorine residual can pose a major threat to the microbial safety of drinking water by weakening its protective barriers and increasing the risk of recontamination in the distribution network (Egbe & Bassey, 2016) [18] . There are no universally accepted mathematical equations to calculate the variational chlorine decay rate in a distribution network. However, the equation proposed by Nagatani et al. (2006) [19] , Equation (1) , has been shown to closely match other published experimental observations. 
Method

Input Variables
This study sought to produce data obtained via scenario testing. Table 2 ). The use of "main" or "mains" herein refers to "trunk mains" as part of an overall water distribution network.
The variables assessed for this study included: • Population (number of consumers);
• Trunk main length;
• Trunk main diameter;
• Water temperature.
The constant parameters for this study included:
• The average water consumption per person per day in Ireland (150 litres) judged to be drawn off over a 16-hour period; • The initial free chlorine residual (1.0 mg/l);
• Trunk main type (SDR11 MDPE);
• The zero-order pipe wall decay constant (0.05/hr);
• TOC levels in water (1.8 mg/l). Table 2 provides a summary of the parameters assessed for each trunk main.
A spreadsheet was produced to enable the data obtained from scenario testing to be collected in a structured manner. This structured systematic approach enabled the data to be analysed and compared. Implementing the variables and constants outlined above, into multiple scenarios enabled the rate of chlorine decay and the available free chlorine residual in the periphery of the trunk main to be calculated. The following parameters remained as a constant for each trunk main installation: • A single, straight trunk main was installed without bends;
• The trunk main connected directly to the distribution main which is at the end of the trunk main.
The following parameters remained as constants, to calculate the cost of the chlorine disinfection and maintenance of a free chlorine residual:
• The chlorine demand of the water, during primary disinfection at the WTP was 1.89 mg/l (Casey et al., 2012) [27] ;
• A chlorine residual of 1.0 mg/l leaving the WTP was required, in accordance with the Drinking Water Inspectorate's (DWI) guidance (DWI, 2010) [15] .
Results and Discussion
Population
Three population ranges were chosen, within the analysis, to assess how water consumption rates and the retention time of potable water in a trunk main would affect the quality and quantity of the free chlorine residual at the extremity of the main. The population ranged between 200 consumers (a small Irish village), 500 consumers (a medium sized Irish village) and 1000 consumers (a Journal of Environmental Protection relatively large Irish village) (NISRA, 2011) [28] .
For each population range, two trunk mains of 125 mm and 180 mm diameter were assessed in increments of 2000 m starting at 2000 m up to 10,000 m.
The volume of potable water contained within each trunk main was calculated (Table 3 ). It is interesting to note that, for a given length, increasing the diameter of the trunk main from 125 mm to 180 mm more than doubled the volume of water in the main. The average water consumption per population per hour was calculated, based on the research conducted by Ó Fátharta (2013) [29] on behalf of Irish Water. Ó Fátharta (2013) [29] determined the average person in Ireland uses 150 litres of water per day. The results are illustrated in Figure 1 . Based on the volume of potable water in the trunk main (Table 3 ) and consumer draw-off rates (Figure 1 ), the retention time of potable water in the 125 mm and 180 mm diameter trunk mains were calculated and modelled. given test situation.
The free chlorine residual in the trunk main is impacted by interaction with bulk water and/or the pipe wall which results in the available free chlorine residual reducing over time. Therefore, increased retention time resulted in the available free chlorine residual in the periphery of the main being reduced. The 
Length of Trunk Main
The effects of trunk main length on the total amount of chlorine decay and the availability of a free chlorine residual in the outer edges of the 60-trunk mains were assessed. The total amount of chlorine decay and the availability of a free chlorine residual in the periphery of each of the mains (as shown in Table 2) were assessed in increments of 2000 m, starting at 2 km up to 10 km. Increasing the length of the 125 mm and 180 mm diameter trunk mains in (Table 3) .
Increasing the length of the trunk main, regardless of its diameter and draw-off rates, increased the retention time of the potable water in each main ( Figure 2 and Figure 3 ). The free chlorine residual reacts with the bulk water and/or the pipe wall. Thus, increased retention time resulted in an increased total amount of chlorine decay in the periphery of the mains ( Figure 5 and Figure 6 ).
An increased total amount of chlorine decay in the periphery of the main ultimately resulted in a reduced free chlorine residual available (Figure 7 and 
Diameter of Trunk Main
Two standard dimensional ratios (SDR)s 11 Medium Density Polyethylene (MDPE) trunk mains of 125 mm and 180 mm diameter were assessed within this study. To calculate the rate of chlorine decay in the trunk main, Equation (1) proposed by Nagatani et al. (2006) [19] was used. This equation takes the bulk decay coefficient, the initial free chlorine residual, trunk main diameter and the pipe wall decay coefficient into consideration. Performing the chlorine decay rate equation (Equation (1)) proposed by Nagatani et al. (2006) [19] , produced the results shown in Table 4 .
Based on the analysis, it was calculated that increasing the diameter of the trunk main from 125 mm to 180 mm did not alter the chlorine decay rate. This is contradictory to the results obtained from experimental studies conducted by [25] has shown the pipe wall decay coefficient of MDPE trunk mains to have a negligible effect on the total chlorine decay rate. Although increasing the diameter of the trunk main for this study had a negligible effect on the chlorine decay rate, increasing the trunk main diameter had a major impact on the total amount of chlorine decay and ultimately the amount of available free chlorine residual in the main.
Increasing the trunk main diameter from 125 mm to 180 mm increased the volume of potable water in the main by slightly more than two-fold (Table 3 ).
An increased volume of potable water in the main resulted in an increased retention time of potable water (Figure 2 and Figure 3 ). Increased retention time allowed more time for the free chlorine residual to react with the bulk water, resulting in an increased total amount of chlorine decay in the periphery of the main ( Figure 5 and Figure 6 ). Thus, increasing the trunk main diameter reduces the available free chlorine residual at the limits of the main either within acceptable limits and below the EPA's recommended minimum value or to the no chlorine scenario. In some cases, the analysis suggested there would be no chlorine within the system. This finding is supported by Risala & Kifah (2011) [32] , Ekeng & Agunwamba (2011) [33] and Egbe & Bassey (2016) [18] for the 125 mm diameter mains (Figure 7 ) and for the 180 mm diameter mains (Figure 8 ).
Water Temperature
This study assessed how fluctuations in water temperature affected the chlorine decay rate and the total amount of chlorine decay in the mains. From the literature review, it was noted that the temperature of potable water in distribution networks in Ireland can fluctuate seasonally between 5˚C and 15˚C (Sargeant, 2015) [34] . Therefore, to reflect water distribution conditions in Ireland, water temperatures of 5˚C and 15˚C were assessed for both diameters. The results are provided in Table 5 and Table 6 respectively.
Experimental studies conducted by researchers have shown that the bulk [19] ). This finding concurs with standard chemical analysis.
The results from this study are comparable to those obtained in previous research, as indicated in Table 5 for the 125 mm diameter mains and Table 6 for the 180 mm diameter mains. Increasing the water temperature from 5˚C to 15˚C increased the total chlorine decay rate from 0.04 mg/hr to 0.06 mg/hr (1.5 fold).
The results obtained in terms of the effects of water temperature on the chlorine decay rate are slightly less than those obtained by Powell et al. (2000) [24] . Powell, et al. (2000) [24] research suggested that the chlorine decay rate in the trunk mains as part of the distribution network to increase by 1.8-3.2-fold, as the temperature increased from 5˚C to 15˚C. This may be due to other variables such as higher TOC levels in the water which were not assessed within the scope of this study. As previously stated, increasing the main diameter did not affect the chlorine decay rate within this analysis. Therefore, for this study, the parameter that influenced the chlorine decay rate and ultimately the total amount of chlorine decay in the periphery of the main was the temperature.
The findings of this study proved it was possible to calculate the chlorine decay rate, depending on the seasonal temperature, with the use of a suitable mathematical model. The results showed a positive linear relationship between chlorine decay rate and the temperature. Therefore, it may be possible to reduce the initial free chlorine residual levels at the WTP during the winter, due to a Journal of Environmental Protection reduced chlorine decay rate, and increase the initial free chlorine levels at the WTP during the summer, due to an increased chlorine decay rate. It may also be possible to reduce or increase the amount of chlorine added through a chlorine booster for a given trunk main, based on the temperature or turn the chlorine boosters off or on when required. This may save money on the disinfection process. However, increasing or decreasing the initial free chlorine level is dependent on other variables such as the retention time of potable water of the main, its length and material type.
The Costs Associated with Trunk Main Chlorine Disinfection & Boosters
The costs associated with trunk main chlorine disinfection and the need for The costs associated with chlorine disinfection at the WTP are dependent on the volume of water being distributed. Increasing the diameter of the trunk main from 125 mm to 180 mm increased the chlorine disinfection costs because the volume of potable water is distributed more than doubled (Table 3) . Thus, this study has proven increasing the diameter of a trunk main to have an influence on the costs associated with chlorine disinfection.
The total chlorine disinfection costs depend on the need for a chlorine booster, chlorine decay rate and the volume of potable water in the main. Based on the comparisons completed, the need for additional chlorine and a chlorine booster greatly increased the total chlorine disinfection costs per day, particularly the trunk main which required multiple booster systems. The key parame-Journal of Environmental Protection ters influencing the total amount of chlorine decay in the periphery of the main was the length and diameter. Therefore, this study has shown through its multiple comparisons that although the length of a trunk main cannot be reduced, operational expenditure could possibly be saved (on gravity mains) by maintaining a free chlorine residual in the network by implementing the trials currently being conducted to reduce the diameter of trunk mains (Rosario-Ortiz & Speight, 2016) [35] ; however, further research is needed in this area.
Based on the results obtained, this analysis has shown the importance of environmental conditions in relation to the costs associated with trunk main chlorine disinfection at the WTP and the total chlorine disinfection in the main to maintain a residual within acceptable limits. Therefore, during the design process, it is important to take environmental factors, such as seasonal temperature and water TOC levels into consideration, as these parameters have been shown to influence the costs significantly.
Limitations to This Study
There are several limitations to this study as follows:
1) The study looked at a limited amount of pipe diameters, looking at small diameter trunk mains only with maximum distances of 10 km.
2) A population was used to calculate the draw-off rates over a 16-hour period per 24 hours. This domestic population did not take business or agriculture into account.
3) The pipework was judged to be new with no build-up on the inside of the pipe wall. A build-up on the pipe wall internally could allow chlorine to be absorbed thus altering results considerably.
4) The entire distribution network was not considered as part of this study, reservoirs, distribution mains and house connections all affect chlorine decay.
5)
The purchase cost of chlorine was based on a commercial rate supplied to a civil engineering contractor who specialises in laying water mains, including disinfection processes. A water company would be able to obtain a lower rate for purchasing chlorine in bulk. While a reduced chlorine cost would reduce the financial information reported in this study. However, this does not change the outputs from the remaining analysis. 
Conclusions and Recommendations for Further Work
The following are the observations from this study in terms of variables such as trunk main length, dimeter, temperature along with water demand (population) Journal of Environmental Protection and the impact of these variables on chlorine decay.
Population
This study identified the number of consumers drawing water from a trunk main to impact the quality and quantity of the free chlorine residual at the outer limits of any water distribution system. The study identified how low consumer draw-off rates, increased main length and diameter size to increase the risk of the free chlorine residual not complying with the EPA's (2011) [13] recommended minimum residual value.
Trunk Main Length
The effects of main length on the total amount of chlorine decay and the availability of a free chlorine residual at the periphery of the main were assessed in this study. The analysis showed that increasing the length of the trunk main in increments of 2000 m, from 2 km to 10 km, was the major cause of chlorine consumption and decrease in residual chlorine concentrations. If the free chlorine residual dropped to the EPA's minimum residual value of 0.1 mg/l, a chlorine booster was implemented (EPA, 2011) [13] . A total of 16 of the 20 trunk mains assessed with 200 consumers required a chlorine booster. Furthermore, 6 of the 20 trunk mains assessed with 500 consumers required a chlorine booster and 1 of the 20 trunk mains assessed with 1000 consumers required a booster.
This will have significant direct and indirect financial and maintenance costs for the managers of these assets.
Trunk Main Diameter
Two SDR11 MDPE trunk mains of 125 mm and 180 mm diameter were analysed to assess how changing the diameter of the trunk main would impact the chlorine decay rate and the total amount of chlorine decay. Based on the calculations undertaken, increasing the diameter of the trunk main from 125 mm to 180 mm had a negligible effect on the results obtained. The results were contradictory to those obtained from experimental studies by Risala et al. (2011) [32] , Ekeng et al.
(2011) [33] and Egbe & Bassey (2016) [18] . Their work suggested that the rate of chlorine decay to increase in smaller diameter mains and decrease in larger diameter mains. In this study, the chlorine decay rate did not fluctuate when the trunk main diameter increased from 125 mm to 180 mm, the possible reason for this is outlined in part 4.6 (3).
Temperature
This study assessed how fluctuations in water temperature affected the chlorine decay rate and the total amount of chlorine decay in the mains. The results of this analysis have shown that increasing the water temperature from 5˚C to 15˚C increased the chlorine decay rate by 1.5-fold, from 0.04 mg/hr to 0.06 mg/hr. As previously stated, increasing the main diameter did not affect the chlorine decay Journal of Environmental Protection rate. Therefore, the parameter that most influenced the chlorine decay rate and ultimately the total amount of chlorine decay in the main was the water temperature.
Costs Associated with Chlorine Disinfection
The costs associated with trunk main chlorine disinfection at the WTP and total chlorine disinfection were calculated for the 60 hypothetical trunk mains, the remainder of the distribution network was not specifically considered as part of this study apart from draw off rates. However, the costs must be balanced against the need for a potable water that is microbially safe to consume by everyone who draws water from the main. Based on the research conducted, the chlorination costs are affected by the trunk main length, diameter of trunk main and the need for a chlorine booster. However, based on the comparisons conducted, it was the addition of a chlorine booster which greatly increased and varied the costs associated with trunk main. The analysis suggests that consumer draw-off rates, trunk main length, diameter of trunk main and water temperature dictated the need for a chlorine booster. Consumer draw-off rates and trunk main length and diameter affected the retention time of potable water in the main and the water temperature affected the chlorine decay rate. This study found low consumer draw-off rates, increased main lengths, increased diameters and increased water temperatures resulted in an increase in the total amount of chlorine decay in the main. Thus, more chlorine boosters were required to ensure the residual remained above the EPA's (2011) [13] recommended minimum value of 0.1 mg/l. Based on the comparisons conducted in this study, increasing the diameter of the trunk main from 125 mm to 180 mm increased the chlorine disinfection costs because the volume of potable water is carried more than doubled ( Table   3 ).
The key parameters that influenced the total amount of chlorine decay in the periphery of the main were the length and diameter of the main. Therefore, this study has shown through its multiple comparisons that, where the length of a trunk main cannot be reduced, money can be saved on maintaining a free chlorine residual in the network by implementing the trials currently being conducted to reduce the diameter of trunk main diameters (Rosario-Ortiz & Speight, 2016) [34] .
Recommendations for Further Research
The following list provides recommendations for further research based on the knowledge gaps that were identified through this study:
• This study found that increasing or decreasing the trunk main diameter had a negligible effect on the chlorine decay rate due to the use of MDPE pipe material. This is contradictory to research conducted by Risala & Kifah (2011) [32] , Ekeng & Agunwamba (2011) [33] and Egbe & Bassey (2016) [18] . It is recommended that further research is conducted to evaluate how trunk main diameter and pipe material affect the chlorine decay rate. See 4.6, limitations to this study.
• A wider variety of trunk main diameters should be assessed; furthermore, different pipe materials should be used to assess how these factors influence the chlorine decay rate, based on the same simulated conditions. • To further assess the bulk decay coefficient and the total amount of chlorine decay in the periphery of the main, more temperatures are required to be assessed between 5˚C and 15˚C. This will enable the chlorine decay rate to be calculated at temperatures between the minimum and maximum water temperatures recorded in distribution networks in Ireland, as reported by Sargeant (2015) [35] .
• The initial free chlorine residual and/or the water TOC levels could be set as variables to assess how changing these parameters would affect the bulk decay coefficient, chlorine decay rate and ultimately the total amount of chlorine decay in the periphery of the overall distribution network.
• Greater use of alterative disinfection processes at the WTP, such as ozone, UV light or "The Dutch Secret" [36] in terms of "how to provide safe drinking water without chlorine" should be assessed for Irish water conditions. The results obtained from further research could then be compared to the results obtained from this study. Comparisons could be made between the quality of potable water produced at the WTP and the quality of potable water obtained by consumers. Additionally, the costs associated with disinfection and installation of disinfection contactor systems and trunk mains could be compared.
• A chloramine residual in the distribution network could be assessed as part of further research on the topic. A comparison could be made between the results obtained in the research project, using a free chlorine residual, to those obtained with a chloramine residual, based on Irish water conditions. • Complete water networks should be analysed to include the entire distribution system from water treatment plant, storage reservoirs, trunk mains, local distribution mains and house connections.
• The impact of using smaller diameter watermains when considering chlorine decay on the hydraulic performance of watermains should be explored further in terms of value engineering.
